G reater than one third of all adults in the United States are considered obese, and only recently has this trend begun to plateau. 1 Obesity is a potent risk factor for the development of cardiovascular disease, including heart failure, yet our understanding of the pathophysiological link is limited. 2-4 Furthermore, it is now clear that obesity is not a one-size-fitsall disease, and different obesity phenotypes confer various levels of cardiovascular risk. Given the magnitude of the obesity epidemic, targeting high-risk obese individuals will ultimately provide the most cost-efficient and effective care.
Central Adiposity and Cardiac Mechanics than BMI, yet are infrequently quantified in the clinical setting. 7 Central adiposity is linked to adverse metabolic profiles and greater systemic inflammation, both potent risk factors for the development of cardiovascular disease. 8 Previous analyses have shown an independent association between measures of central obesity and left ventricular (LV) dysfunction, particularly diastolic dysfunction. 2 However, whether central obesity is also associated with subclinical measures of cardiac mechanics, which may precede overt abnormalities in traditional echocardiographic measures, remains unknown.
Evaluating subclinical myocardial dysfunction has recently become feasible through speckle-tracking echocardiography. Speckle-tracking echocardiography quantifies strain (a marker of myocardial deformation) by tracking natural acoustic markers using standard ultrasonographic windows. Strain is a sensitive indicator of cardiomyocyte health that correlates with abnormal calcium transients within cardiomyocytes, 9 thereby making it possible to determine the subclinical effects of central obesity on cardiac mechanics.
We sought to study the effect of central obesity on cardiac mechanics and hypothesized that central obesity, quantified by WHR and WC, is associated with abnormal cardiac mechanics before development of symptomatic HF, even in individuals not considered obese by BMI criteria. Therefore, we performed speckle-tracking analysis for the ascertainment of cardiac mechanics in the Hypertension Genetic Epidemiology Network (HyperGEN) study, a large population-and familybased study.
Methods

Study Population
HyperGEN, part of the National Institutes of Health Family Blood Pressure Program, is a cross sectional-study consisting of 5 US sites, with 4 participating in an ancillary echocardiographic study (Salt Lake City, UT; Forsyth County, NC; Minneapolis, MN; and Birmingham, AL). The goal of HyperGEN was to identify and characterize the genetic basis of familial hypertension. 10 Study eligibility required a diagnosis of hypertension before the age of 60 years and at least 1 sibling willing to participate in the study. Hypertension was defined by an average systolic blood pressure ≥140 mm Hg or an average diastolic blood pressure ≥90 mm Hg (on at least 2 separate clinic visits) or by self-reporting treatment for hypertension. A random sample of normotensive individuals who represented the source cohort from which the HyperGEN affected sibships were identified was also recruited. Individuals with a history of type 1 diabetes mellitus or severe chronic kidney disease were excluded because of the high risk of secondary forms of hypertension. None of the study participants had symptomatic heart failure. All HyperGEN study participants gave written informed consent, and the HyperGEN study was approved by each study site's local institutional review board.
Clinical Characteristics
Demographic, clinical, and laboratory data were collected during the initial HyperGEN visit. Height, weight, blood pressure, waist/hip circumference, and skinfold thickness were measured by trained personnel, using a standardized protocol. Three consecutive, seated blood pressure measurements were obtained per person and averaged. 10 Waist and hip circumferences were measured in the morning, while the participants were standing and wearing loose-fitting clothing. 11 Skinfold thickness was measured twice and averaged. Physical activity level was quantified as number of blocks walked per day.
Central adiposity was defined using World Health Organization criteria, including a WC≥88 cm or WHR≥0.85 in women, or a WC≥102 cm or WHR≥0.90 in men. 12 Histories of myocardial infarction, transient ischemic attack, and stroke were obtained by self-report. Diabetes mellitus was defined by fasting glucose ≥126 mg/dL, use of hypoglycemic medication, or a self-reported history. Dyslipidemia was defined by the use of lipid-lowering medication, low-density lipoprotein-cholesterol ≥160 mg/dL, triglycerides >150 mg/dL, or high-density lipoprotein-cholesterol (HDL-C) <40 mg/ dL (for men) or <50 mg/dL (for women). Obesity was defined by a BMI≥30 kg/m 2 . Chronic kidney disease was defined by an estimated glomerular filtration rate ≤60 mL/min per 1.73 m 2 .
Conventional Echocardiography
Echocardiography (including 2-dimensional [2D], M-mode, and Doppler imaging) was acquired on all study participants using standardized acquisition protocols and stored in analog format (high-grade, medical quality videocassette tapes) at the time of study visit. 13, 14 Cardiac structure and function were quantified as recommended by the American Society of Echocardiography. 15, 16 LV ejection fraction (EF) was calculated using the biplane method of discs. LV mass was calculated using the linear method recommended by the American Society of Echocardiography and indexed to body surface area. LV hypertrophy was defined by an LV mass index >95 g/m 2 in women or >115 g/m 2 in men. Diastolic function was quantitated using early diastolic (E) and late/atrial diastolic (A) transmitral velocities, E/A ratio, isovolumic relaxation time, and E deceleration time.
Digitization of Echocardiograms and Interpretation of Image Quality
Archived echocardiograms in analog format were converted to digital format using the TIMS 2000 DICOM System (Foresight Imaging, Chelmsford, MA). Cine loops of 2 to 4 cardiac cycles from the parasternal short-axis (papillary muscle level) and apical 4-chamber views were digitized at a high rate and stored offline in DICOM format. Each study was assessed for image quality by an experienced operator, blinded to all other clinical and echocardiographic data, using a 4-point scale based on the degree of endocardial border visualized (1=0%-25%; 2=25%-50%; 3=50%-75%; 4=75%-100%), similar to scales used previously. 17, 18 
Two-Dimensional Speckle-Tracking Analysis
Digitized cine loops were analyzed using 2D wall motion tracking software (2D Cardiac Performance Analysis [CPA], TomTec v4.5; Unterschleißheim, Germany). After isolating the highest quality cardiac cycle by visual estimation, the endocardial and epicardial borders were traced at end-systole in each view. Computerized speckle-tracking analysis was performed and endocardial and epicardial border tracings were manually adjusted to optimize tracking. Indices of LV mechanics included peak global longitudinal strain, early systolic and diastolic strain rate, and systolic (s′) and early diastolic (e′) tissue velocities. LV filling pressures were estimated using E/e′ ratio. For ease of display, strain values were converted to absolute values. Lower absolute strain values, lower e′ tissue velocities, and higher E/e′ ratio were used to indicate worse cardiac function. A validation of the digitization and speckle-tracking techniques used here has been published elsewhere. 19 Images used for speckle-tracking analysis were generally of high quality. In the parasternal short-axis and apical 4-chamber views, 85% and 97% of images had an image quality score of ≥2, respectively, indicating good image quality for the majority of myocardial segments. Data on interobserver and intraobserver reliability for 96 echocardiograms are presented in Table I in the Data Supplement, which shows excellent intraclass correlation coefficients for speckletracking parameters (>0.75 for all). 20
Statistical Analysis
Clinical characteristics, laboratory data, and both conventional echocardiographic parameters and speckle-tracking parameters are displayed for the total cohort and also stratified by the presence or absence of central obesity. Continuous data are presented as mean±SD. Categorical variables are presented as a count and percentage.
After excluding participants with missing anthropomorphic data (n=25), we compared clinical data between groups using t tests for normally distributed continuous variables (or nonparametric equivalent when appropriate) and χ 2 tests for categorical variables (or Fisher exact test when appropriate). For our primary analyses, we used multivariable-adjusted regression models to determine whether central obesity and WHR were independently associated with worse indices of cardiac mechanics and increased LV filling pressure (ie, E/e′ ratio). Central obesity was evaluated as a dichotomous variable, whereas WHR was evaluated as a continuous variable. All regression analyses used linear mixed-effects models (with speckle-tracking parameters as the outcome variables), thereby accounting for relatedness among HyperGEN participants. We also created multiplicative interaction terms to determine whether there were sex, race, or obesity interactions with WHR in their association with indices of cardiac mechanics (global longitudinal strain and e′ velocity). An interaction term P<0.05 in the multivariable regression model was considered significant and explored further.
For the linear mixed-effects models, we adjusted for speckletracking analyst, image quality, study site (which accounts for differences in sonographers and echocardiography equipment) as fixed effects and familial relatedness as a random effect. Additional covariates were selected using a combination of clinical relevance and association with central obesity either in previous studies or the present one. The additional covariates included in our multivariable models included age, sex, physical activity level, systolic blood pressure, heart rate, BMI, smoking status, antihypertensive medication use, LV mass, LV EF, wall motion score index, estimated glomerular filtration rate, total cholesterol, and fasting glucose.
Several secondary analyses were performed and are presented in the Data Supplement. First, on sensitivity analysis, we adjusted for (1) homeostasis model assessment-estimated insulin resistance and (2) triglycerides and HDL-C (as additional elements of the metabolic syndrome) to determine whether the effects of central obesity on cardiac mechanics persisted beyond that predicted by the metabolic syndrome. In addition, in sensitivity analyses, we adjusted for serum aldosterone given its pathophysiologic role in obesity, as well as the number of comorbidities, which has previously been shown to be independently associated with adverse cardiac mechanics. 8, 21 Next, we performed multivariable analyses between skinfold thickness measurements (markers of subcutaneous adiposity) and cardiac mechanics. Finally, to determine the additive predictive value of central obesity markers versus obesity markers in general, we calculated the residuals from the regression of WHR and BMI and analyzed the association between these residuals and indices of cardiac mechanics.
For all regression analyses involving WHR and skinfold thickness, β-coefficients are displayed per 1-SD increase. A 2-sided P<0.05 was considered statistically significant. To account for multiple comparisons (Tables 1 and 2, n=58 statistical tests), we used the false discovery rate method (Q<0.005 for statistical significance). Statistical analyses were performed using Stata v.12.1 (StataCorp, College Station, TX).
Results
Characteristics of Study Participants
Descriptive characteristics of the study sample from Hyper-GEN are displayed in Table 1 , dichotomized by the presence or absence of central obesity. The study cohort consisted of 2181 participants, randomly sampled from all 4 participating sites, representing 1091 unique families. The majority of participants were centrally obese (1738/2181; 80%). The mean age was 51±14 years, 58% were women, and 46% were black. Comorbidities were common, and medication use reflected standard therapies used for these comorbidities.
Mean blood pressure was 126±21/72±11 mm Hg, and obesity was common (mean BMI 31±7 kg/m 2 , 47% obese [BMI≥30 kg/m 2 ]). Laboratory results revealed largely preserved kidney function (estimated glomerular filtration rate 85±20 mL/ min per 1.73 m 2 ), mildly elevated fasting glucose (106±43 mg/dL), and mildly elevated total cholesterol (196±39 mg/ dL). Individuals with central obesity were older, more often had comorbidities, had higher blood pressure and BMI, and had worse estimated glomerular filtration rate, fasting glucose, and lipids (Table 1) . Table 2 lists the 2D, Doppler, and speckle-tracking echocardiographic parameters of the study participants. Average LV structure fell within normal limits (LV end-systolic volume 51±22 mL, LV end-diastolic volume 130±31 mL, and LV mass index 85±22 kg/m 2 ) although roughly one fifth had evidence of LV hypertrophy (21%). Global LV systolic function was preserved (EF 62±8%) in the majority of participants. Individuals with central obesity notably had larger LV dimensions and worse diastolic function (including lower E/A ratio, longer isovolumic relaxation time, and longer E deceleration time), but no difference was observed in LV EF. Figure 1 displays the unadjusted relationship between quartiles of WHR with systolic strain parameters and longitudinal systolic tissue velocity (P<0.01 for trend for each parameter). Figure 2 shows a similar relationship of WHR with diastolic parameters (e′ velocity, early diastolic strain rate, and E/e′ ratio [a marker of LV filling pressures]; P<0.001 for trend for each parameter). On univariate analysis, central obesity and WHR were associated with all indices of cardiac mechanics and elevated LV filling pressure (P<0.05 for all associations). After adjusting for many covariates (including speckle-tracking analyst, image quality, center, age, sex, physical activity level, systolic blood pressure, heart rate, BMI, smoking status, antihypertensive medication use, LV mass, LV EF, wall motion score index, estimated glomerular filtration rate, total cholesterol, and fasting glucose), central obesity and WHR were still associated with nearly all indices of cardiac mechanics and elevated LV filling pressure (Tables 3 and 4 ). In addition, adjusting for each blood pressure medication listed in Table 1 instead of use of antihypertensive medications did not alter the significance of our findings (data not shown). We found significant interactions between measures of central obesity and sex for e′ velocity, such that the association of WHR with e′ velocity was stronger in men than in women (Tables 5 and 6). No interaction was found by race or obesity classification.
Association of Central Obesity With Worse Cardiac Mechanics
Additional models, which included further adjustment for (1) serum aldosterone (with concomitant adjustment for angiotensin-converting enzyme inhibitors and angiotensin receptor blockers); (2) homeostasis model assessmentestimated insulin resistance; (3) HDL-C and triglycerides instead of total cholesterol (as other key features of the metabolic syndrome because fasting glucose and blood pressure were already included in the multivariable model); and (4) the number of comorbidities did not eliminate these Table III in the Data Supplement displays the relationship between skinfold thickness (measured at the subscapular and triceps regions) and cardiac mechanics for the total cohort. On multivariable analysis, only a few relationships were found to be significant. In addition, the magnitude of the association, as measured by the β-coefficient per SD in these markers of subcutaneous adiposity, was weaker than the associations observed between WHR and cardiac mechanics.
Association of Subcutaneous Adiposity (Skinfold Thickness Measures) With Cardiac Mechanics
Additive Value of Central Adiposity Markers Over General Adiposity on Residuals Analysis
To determine whether central adiposity is better associated with cardiac mechanics over general adiposity markers, we performed a residuals analysis. Table IV in the Data Supplement shows the significance of association between residuals (from the regression of WHR on BMI) and indices of cardiac mechanics. There was a significant association between the residuals and all indices of cardiac mechanics and E/e′ ratio (P<0.05 for all comparisons).
Discussion
In an analysis of 2181 participants from the HyperGEN study, we found that central obesity (defined by elevated WC and WHR) was associated with multiple measures of cardiac mechanics as determined by speckle-tracking echocardiography. These associations persisted after adjusting for a number of covariates, including BMI, and there was no statistical interaction based on obesity status. In contrast, only few associations were found between skinfold thickness (a marker of subcutaneous or peripheral adiposity) and cardiac mechanics. These data may offer mechanistic insight into why central obesity is associated with worse cardiac outcomes, including heart failure. Our data underscore the clinical value of measuring WC. BMI, although predictive of cardiovascular events and highly correlated to WC, still fails to identify the highest risk individuals. For example, for a given BMI, those with higher WC have worse cardiometabolic profiles and higher risk of cardiovascular disease. 8, 22 We similarly show here that markers of central obesity are associated with an adverse cardiac mechanics profile despite adjusting for BMI. Conversely, we found little evidence to support the measuring of skinfold thickness as a marker associated with cardiac dysfunction. Skinfold thickness is a regional measure of subcutaneous adiposity and is primarily used as a surrogate marker of percent body fat. 23 However, visceral fat deposition denotes a worse metabolic profile and is more highly associated with adverse cardiovascular events. 24 Thus, our finding that subcutaneous adiposity is not closely associated with cardiac mechanics compared with central (visceral) adiposity highlights the importance of visceral, metabolically active adipose tissue, and adverse cardiac mechanics.
How central obesity may cause intrinsic myocardial dysfunction remains unclear. With excess adipose tissue, Figure 1 . Relationship between quartiles of waist:hip ratio and markers of systolic cardiac mechanics. A, global longitudinal strain, (B) peak systolic strain rate, and (C) tissue s′ velocity. Tissue velocities based on speckle-tracking echocardiography are lower than conventional tissue Doppler imaging tissue velocities. P values are for the linear trend (calculated using linear mixedeffects models).
Figure 2.
Relationship between quartiles of waist-hip-ratio and diastolic indices. A, Early diastolic strain rate, (B) tissue e′ velocity, and (C) E/e′ ratio (an estimate of left ventricular filling pressures). Tissue velocities based on speckletracking echocardiography are lower than conventional tissue Doppler imaging-based tissue velocities. Thus, e′ velocity is lower, and E/e′ ratio higher, than conventional studies that use tissue Doppler imaging. P values are for the linear trend (calculated using linear mixed-effects models). particularly visceral deposition, macrophages infiltrate the adipocytes and secrete large amounts of proinflammatory molecules. 25 Systemic inflammation causes endothelial dysfunction, which may result in abnormal global longitudinal strain because global longitudinal strain reflects the function of longitudinal, subendocardial fibers. 26 Previous clinical studies complement our findings. In a 4-year longitudinal study of 1402 participants, changes in ventricular stiffness were modestly correlated to changes in body mass. 27 A subsequent study of the same cohort showed that central adiposity was linked to increased end-systolic elastance, a measure of systolic ventricular stiffness, in women. 28 Smaller studies also found that some diastolic parameters were associated with central obesity as well. 29, 30 These important studies buttress the findings of the present study, although notably these studies had smaller sample sizes and did not include speckle-tracking analysis to calculate longitudinal strain.
Of note, the association of central obesity with cardiac mechanics persisted despite further adjustment for other markers of the metabolic syndrome (HDL-C, triglycerides, and homeostasis model assessment-estimated insulin resistance), and serum aldosterone. Central obesity, a common comorbidity to the metabolic syndrome, is associated with markers of insulin resistance, dyslipidemia, and hypertension. The National Cholesterol Education Program-Adult Treatment Panel III has formally recognized this association by including fasting glucose, HDL-C, blood pressure, and triglycerides as a part of the criteria for the metabolic syndrome. 31 Although adjusting for these cardiometabolic risk factors and homeostasis model assessment-estimated insulin resistance weakened the association between cardiac mechanics and central obesity, it did not eliminate it, implying that the relationship between central obesity and worse cardiac function is not merely confounded by other metabolic disease.
Interestingly, on interaction analyses, we found that the association between central obesity and e′ velocity was stronger in men. Although unclear, it may be that in men compared with women, the abnormal metabolic and inflammatory milieu associated with central adiposity exerts a heightened adverse effect on myocardial relaxation. Conversely, we found no interaction with regards to race or obesity classification.
Strengths of our study include the large number of participants (which allowed for comprehensive multivariable adjustment for several potential confounders), the inclusion of a large number of blacks, and the novel measurement of myocardial strain with speckle-tracking echocardiography. Certain limitations should be considered when interpreting our results. First, although abdominal obesity is a crude anthropomorphic surrogate marker for visceral adiposity, 32 it is the latter (as opposed to subcutaneous deposition) that likely plays a key pathophysiological role in the development of metabolic and cardiac dysregulation. 24 Quantitative measurements of visceral fat are not available in HyperGEN, and, thus, we were unable to explore the relationship between visceral adiposity specifically and In addition to the specified interaction term, the models above were adjusted for age, sex, race, physical activity (average number of blocks walked per day), body mass index, systolic blood pressure, heart rate, smoking status, serum fasting glucose, total cholesterol, estimated glomerular filtration rate, antihypertensive medication use, left ventricular mass, wall motion abnormalities, ejection fraction, center, speckle-tracking analyst, and image quality. *The 8 participants who self-identified as "other race" were excluded from these analyses. cardiac mechanics. However, the poor associations observed between skinfold thickness, as a measure of subcutaneous adipose, and cardiac mechanics buttress the notion that subcutaneous fat is less likely pathological for intrinsic myocardial disease. In addition, WHR is a much more cost-effective and clinically applicable index when compared with quantitative measurement from advanced imaging. Second, because of the cross-sectional nature of our study, we were unable establish causality or evaluate long-term outcomes to determine whether participants with central obesity ultimately developed overt cardiac dysfunction or symptomatic heart failure.
Third, although we used World Health Organization criteria for the diagnosis of central obesity, there is ethnic variability in what may be abnormal. 24, 33 However, without validated cutoffs for specific populations, we felt that it was most appropriate to use these widely used criteria. Fourth, multiple statistical tests were performed, which raises the probability of type I error. However, we corrected for this by using false discovery rate analysis. Additional limitations include the lack of dietary data and outcomes data in HyperGEN. Analyzing dietary habits could have provided additional insight into the relationship between central obesity and cardiac mechanics. In addition, the association of central obesity and adverse cardiac mechanics with worse outcomes could have enhanced the clinical implications of our findings. Finally, speckle-tracking was performed retrospectively on echocardiograms that were acquired without specific attention to optimizing endocardial border definition. However, the vast majority of images acquired were of at least adequate quality, and image quality was entered into all regression analyses as a covariate.
In summary, in one of the largest speckle-tracking studies to date, we found that central obesity is associated with several measures of adverse cardiac mechanics, independent of BMI, and even in nonobese individuals. These data provide support for the adverse cardiovascular effects of central obesity and may explain why individuals with central obesity are at increased risk for heart failure.
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